The effect of the GTP analogue guanosine 5'-[y-thio]triphosphate (GTP [S]) on the polyphosphoinositide phospholipases C (PLC) of rat liver was examined by using exogenous [3H] 
INTRODUCTION
The polyphosphoinositide phospholipase C of the plasma membrane catalyses the hormone-stimulated breakdown of phosphatidylinositol 4,5-bisphosphate tPtdlns (4, 5) P2] to form the Ca2l-mobilizing agent myoinositol 1,4,5-trisphosphate [Ins (1, 4, 5) P3] and the protein kinase C activator 1,2-diacylglycerol (DAG) [1] [2] [3] [4] [5] . A guanine nucleotide-regulatory protein (G protein), often termed Gp, has been implicated in the coupling of receptor occupation to Ptdlns(4,5)P2 hydrolysis by studies demonstrating increased Ins(1,4,5)P3 release, in response to GTP and its non-hydrolysable analogues, from endogenously labelled membranes and permeabilized cells from a variety of tissues [6] [7] [8] [9] [10] [11] [12] [13] . Isletactivating protein, which inhibits the function of the inhibitory G protein of the adenylate cyclase system by ADP-ribosylation of its a subunit [14, 15] , also inhibits agonist-and guanine nucleotide-stimulated phosphoinositide breakdown in some cell types (reviewed in [5] ), but not in others, including liver [6] .
Studies utilizing exogenous labelled PtdIns(4,5)P2 have shown that guanine nucleotide-stimulated polyphosphoinositide breakdown is a consequence of activation of a membrane-bound phospholipase C (PLC). Thus agonist-and guanine nucleotide-dependent stimulation of Ptdlns(4,5)P2-PLC activity has been observed in membranes from blowfly salivary glands [16] , transformed mink lung epithelial cells [17] , coronary-artery smooth muscle [18] , fibroblasts [19] and rat liver [20] . However, these reports have not examined the effects of other phospholipids on the guanine nucleotide stimulation, and have presented diverse results with respect to its Ca2+-and Mg2+-dependence.
Phosphoinositide PLC activities are present in both membranous and cytosolic fractions of most cell types Vol. 248 Abbreviations used: GTP[S], guanosine 5'-[y-thio]triphosphate; GDPIS], guanosine 5'-[, 6 -thio]diphosphate; Ins(1,4,5)P,3 myo-inositol 1,4,5-trisphosphate; Ins(1,4)P2, myo-inositol 1,4-bisphosphate; Ptdlns(4,5)P2, phosphatidylinositol 4,5-bisphosphate; PtdIns4P, phosphatidylinositol 4- phosphate; PtdIns, phosphatidylinositol; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdSer, phosphatidylserine; PLC, phosplholipase C; G protein, guanine nucleotide-binding protein; G., the putative regulatory G protein of phospholipase C; DAG, 1,2-diacyIglycerol. studied, and generally predominate in the latter fraction. Soluble phosphoinositide PLC has been purified to varying degrees from various sources, including platelets [21, 22] , seminal vesicles [23, 24] , liver [25, 26] and brain [26, 27] . Although these purified enzymes generally exhibit non-specificity as regards the phosphoinositide substrate, polyphosphoinositides are hydrolysed in preference to Ptdlns at low Ca2l concentrations [21, 22, 24, 26, 28] . However, since no membrane-associated phosphoinositide PLC has yet been purified to homogeneity, it is not known whether the soluble and particulate enzymes represent a single ambiquitous activity or two (or more) distinct activities. In this respect, it is of interest that guanine nucleotide-stimulation of soluble Ptdlns(4,5)P2-PLC from human platelets has been demonstrated [29, 30] .
The phospholipid composition of phosphoinositidecontaining vesicles has been shown to influence markedly polyphosphoinositide hydrolysis by soluble PLC. In particular, phosphatidylethanolamine (PtdEtn) stimulates and phosphatidylcholine (PtdCho) inhibits hydrolysis of Ptdlns(4,5)P2 [22, 24, 31] . However, stimulation of PtdIns(4,5)P2 hydrolysis by a partially purified membrane-bound PLC from thymocytes has been observed with both PtdEtn and PtdCho [28] .
The present studies demonstrate that the stimulation of membrane-bound Ptdlns(4,5)P2-PLC activity from liver by guanine nucleotides requires the presence of physiological concentrations of Ca2' and Mg2+, and that the extent of stimulation is profoundly influenced by the phospholipid composition of the PtdIns(4,5)P2-containing vesicles. Furthermore, under conditions in which membrane-bound Ptdlns(4,5)P2-PLC is maximally stimulated, no effect of guanine nucleotides on soluble PtdIns(4,5)P2-PLC is observed. [32] , and were resuspended in 0.25 M-sucrose/5 mMHepes (pH 7.4)/I mM-EGTA. Cytosol was prepared by centrifugation of the 1500 g-O min supernatant at 100000 g for 60 min. Membranes and cytosol were stored at -70°C for no longer than 2 weeks. Preparation of substrates Ptdlns(4,5)P2 and PtdIns4P were prepared from mixed phosphoinositides (Sigma) by chromatography on neomycin-linked glass beads (Glycophase CPG; Pierce), essentially as described by Schacht [33] . The [34] . Unless otherwise indicated, the free Ca2+ concentration was 3.4 /M. Assays were initiated by the addition of enzyme and terminated by the addition of 200 #1 of 10% (v/v) trichloroacetic acid, followed by 100,l of bovine serum albumin (10 mg/ml). After 10-15 min on ice, the reaction mixtures were centrifuged (4 min at 9000 g) and 0.4 ml of the supernatant was counted for radioactivity. Blank assays were performed either in the absence of Ca2" or by addition of enzyme after trichloroacetic acid.
MATERIALS AND METHODS
In some experiments, labelled inositol phosphates were separated by ion-exchange chromatography on AG 1-X8 as described by Berridge [35] . For analysis of labelled phosphoinositides, reactions were terminated by the addition of 1 ml of chloroform/methanol/conc. HCI (1000: 1000: 6, by vol.), followed by 0. (Fig. la) . This lag is apparently due to a delay in GTP[S] action, possibly in its binding to Gp, rather than delayed enzyme-substrate accessibility, since it was still seen when the nucleotide was added after 5 min (Fig. la) (Fig. 2) slightly inhibited enzyme activity ( Table 1) . The lack of a stimulatory effect of GTP on Ptdlns(4,5)P2-PLC activity (Table 1) is presumably due to its rapid hydrolysis by non-specific nucleoside triphosphatase activity. Ca2+-and Mg2+-dependence Membrane-bound Ptdlns(4,5)P2-PLC activity was totally Ca2+-dependent, with no activity being observed, in either the presence or the absence of GTP[S], when 2 mM-EGTA was present (Fig. 3) . At concentrations of Ca2' approximating to those of the intracellular environment (100 nM), Ptdlns(4,5)P2-PLC activity was stimulated approx. 20-fold by 10 M-GTP[S], with maximal stimulation being attained at 1-10 ,uM-Ca2+ (Fig. 3) from human platelets when [3H]PtdIns(4,5)P2-labelled lipid vesicles prepared from total platelet lipids are used as substrates [29, 30] . When assayed under the conditions described by Deckmyn et al. [30] , with [3H]PtdIns-(4,5)P2-labelled vesicles prepared from liver plasmamembrane lipids, liver cytosolic Ptdlns(4,5)P2-PLC activity was barely detectable, and various concentrations of GTP[S] had no effect on activity (results not shown). With Ptdlns(4,5)P2:PtdEtn: PtdSer (1:2:2) as substrate, soluble PLC activity exhibited a similar Ca2+-concentration/activity profile to the membrane-bound activity. However, when assayed under conditions producing maximal stimulation of membrane-bound activity, 10 ,sM-GTP[S] had no effect on, or slightly inhibited, the soluble Ptdlns(4,5)P2-PLC activity of rat liver (Fig. 7) . GTP[S] also had no effect on soluble PLC activity with Ptdlns(4,5)P2 alone as substrate (results not shown).
DISCUSSION
The involvement of a regulatory G protein, termed
Gp, in the signal-transduction mechanism of agonists stimulating the turnover of phosphoinositides has been strongly implicated in several cell types by studies demonstrating increased polyphosphoinositide breakdown and Ins(1,4,5)P3 release from endogenously labelled membranes and permeabilized cells incubated with guanine nucleotides [6] [7] [8] [9] [10] [11] [12] [13] . In some tissues, exogenous phosphoinositides have been utilized as enzyme substrates to show that the site of action of guanine nucleotides is a membrane-associated polyphosphoinositide-PLC [16] [17] [18] [19] [20] . In agreement with these findings, stimulation of polyphosphoinositide-PLC activity by GTP[S] in liver plasma membranes was found to be characteristic of regulation via a stimulatory G protein, i.e. it was specific for micromolar concentrations of GTP analogues ( [18] and fibroblast membranes [19] , activity was reported to be Ca2+-dependent, and agonist and guanine-nucleotide stimulation of activity was observed at nanomolar Ca2+ concentrations.
On the other hand, in transformed epithelial-cell membranes [17] and salivary-gland membranes [16] , polyphosphoinositide-PLC activity and its stimulation by guanine nucleotides were apparently Ca2+-independent.
In liver plasma membranes, Melin et al. [20] The present studies indicate that the activity of rat liver plasma-membrane polyphosphoinositide-PLC is totally dependent on the presence of Ca2l ions, as is stimulation of activity by guanine nucleotides. At 100 nM-Ca2+ and 2.5 mM-Mg2", concentrations approximating to those that pertain in the cytosol ofunstimulated cells in vivo, membrane-bound polyphosphoinositide-PLC activity was very low, but was greatly stimulated (approx. 20-fold) by GTP[S] (Fig. 3) . Raising the free Ca2l concentration to 1 UM increased the basal polyphosphoinositide-PLC activity, and further increased the GTP[S]-stimulated activity approx. 2-fold (Fig. 3) . These results raise the possibility that polyphosphoinositide-PLC activity may be increased secondarily to an increase in cytosolic Ca2" in vivo. However, Fig. 3 shows that such an increase would be very small compared with that mediated via Gp. In any case, it should be recognized that caution is needed when extrapolating from isolatedmembrane data to the intact cell, in which many factors could play a role, such as a limitation of substrate supply and alterations of receptor-G protein-polyphosphoinositide-PLC coupling, e.g. by protein kinase C [37, 38] .
In the present studies, membranes were prepared and assays were conducted in the presence of millimolar EGTA. In other studies in which Ca2" chelators were used, a similar Ca2"-dependence of guanine-nucleotide stimulation of PLC activity was observed [18, 19] . It therefore seems possible that the Ca2l-independent guanine-nucleotide stimulation of PLC activity observed in some studies may have been due to the presence of residual membrane-bound Ca2". Previous studies of the Ca2l requirements for guanine-nucleotide stimulation of Ins(I,4,5)P3 release from endogenously labelled membranes [6, 39, 40] have yielded findings very similar to those of the present study.
The present data also demonstrate that GTP[S] stimulation of polyphosphoinositide-PLC activity requires millimolar Mg2", presumably as a consequence of the Mg2"-dependency of guanine-nucleotide binding to G proteins [14] . Given such a Mg2" requirement, it is probable that, in previous studies demonstrating guanine-nucleotide effects in the absence of Mg2", sufficient protein-and/or lipid-bound Mg2" was carried over into assays to enable guanine nucleotide binding. Uhing et al. [6] demonstrated that maximal stimulation of Ins(1,4,5)P3 release from endogenously labelled membranes by GTP[S] required millimolar Mg2" concentrations.
Irvine et al. [31] demonstrated that presentation of PtdIns(4,5)P2 in a non-bilayer configuration in the presence of excess PtdEtn enabled its hydrolysis by soluble brain PLC activity under conditions of physiological Ca2' and Mg2+ concentrations, whereas PtdCho inhibited this hydrolysis. Similar results have been obtained with other enzyme sources [22, 24, 28] . The present data demonstrated that membrane-bound PtdIns(4,5)P2-PLC activity was stimulated both by PtdEtn, in excess, and by PtdCho. This is in agreement with the findings of Wang et al. [28] . In the presence of PtdEtn and PtdSer, the latter of which alone had little effect on membrane-bound PLC activity, a synergistic stimulation of PtdIns(4,5)P2-PLC activity was observed ( Two reports [29, 30] have demonstrated that a cytosolic polyphosphoinositide-specific PLC from human platelets can be activated by guanine nucleotides in an apparently Ca2"-independent manner. Deckmyn et al. [30] also demonstrated pertussis-toxin-induced ADP-ribosylation of a 41 kDa protein, possibly the inhibitory G protein of adenylate cyclase, in platelet cytosol. However, the stimulation of soluble PLC by GTP[S] was unaffected by this toxin, suggesting that agonist-stimulated polyphosphoinositide turnover in platelets might involve a soluble G protein distinct from those regulating adenylate cyclase. On the other hand, Rock & Jackowski [43] have demonstrated that, in a different assay system, platelet soluble PtdIns(4,5)P2-PLC activity is non-specifically stimulated by several nucleotides. In the present studies, no stimulation of liver cytosolic polyphosphoinositide-PLC activity by guanine nucleotides was observed under conditions allowing optimal stimulation of the membrane-bound activity or under conditions reported to allow stimulation of platelet soluble PLC [30] . This suggests that one or more component of the G-P LC complex is absent or non-functional in liver cytosol.
There is evidence that there are differences in the Gprotein-coupled stimulation of polyphosphoinositide breakdown in liver, platelets and other tissues. Most strikingly, pertussis toxin does not inhibit the ability of Ca2"-mobilizing hormones to activate phosphorylase in hepatocytes [44] or to stimulate Ins(I,4,5)P3 release from liver plasma membranes in the presence of GTP[S] [6] , whereas the toxin has been shown to inhibit thrombinstimulated phosphatidate formation and 45Ca2+ release in permeabilized platelets 145]. Other factors possibly responsible for the differences in guanine-nucleotide effects on soluble PLC activity observed in liver and platelets include differences in the method of cell disruption and the preparation of fractions. In summary, the present data lend further support to the notion that a membrane-bound polyphosphoinositide-specific PLC activated by a specific G protein is responsible for the receptor-mediated formation of the intracellular messengers Ins(1,4,5)P3 and DAG.
